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"Spin-Polarized Intergrain Tunneling in LaSr., MnO". by Hwang H. Y. et al., Physical Review Letters, vol. 77, No. 10, pp. 2041 -2044 (Sep. 2, 1996 O 8 8 The magnetoresistance (MR) of a material is typically measured by the resistivity pH of the material in an applied magnetic field H minus the resistivity p in the absence of an applied magnetic field. This resistivity difference Ap (equal top-p) may be normalized by dividing by porp. and is thereby expressed as a magnetoresistance ratio in percent. Resistance values may alternatively be used. Con ventional materials such as permalloy typically have a MR ratio of a few percent when normalized by either value.
Materials exhibiting magnetoresistance ratios of greater than a few percent are useful in a variety of devices. The devices utilize the magnetoresistive materials' ability to respond, by way of resistive changes, to small changes in applied magnetic field. This effect is useful, for example, in magnetic sensing devices, current sensing devices, memory elements, or even acoustic devices. Examples of useful devices are discussed, for example, in co-assigned U.S. Pat. Nos. 5,450.372 and 5.46.1308 (5), at 914. The Curie temperature is the temperature above which ferromagnetism disappears. As the temperature moves above and beyond the Curie temperature, magnetoresistance becomes smaller. Devices using such manganite perovskites must therefore be placed in a working environment below the Curie temperature to ensure that the requisite magnetoresistive properties are present. Clearly, magnetoresistive materials having a Curie temperature higher than 105° C. offer commercial potential for a wider range of applications. In addition, the manganite perovskites are relatively difficult to prepare and incorporate into devices such as those discussed above, compared to more conventional metals and oxides.
Thus, magnetoresistive materials that have higher Curie temperatures than current magnetoresistive materials, and which can be produced and incorporated into devices more easily, are desired.
SUMMARY OF THE INVENTION
The invention provides an article that uses a magnetore sistive material comprising CrO2, which has a Curie tem perature about 20° C. higher than magnetoresistive manga nite perovskites. In addition to the desirable Curie temperature, synthesis techniques for the material have been well developed and the material's characteristics, e.g. oxy gen concentration and grain size, are readily controllable. Desirable magnetoresistance is exhibited by CrO in which the conductivity is dominated by the effect of grain bound aries. In particular, the CrO. grains have a relatively thin (e.g., no more than about 50 nm) layer of insulating material located along at least a portion of the grains' boundaries. (An insulating material is a material having a resistivity significantly greater than 2 m2-cm.) CrO2 at temperatures of about 350° C. or higher, tends to lose oxygen and transform to an oxygen-depleted Croxide, typically CrO.
It is advantageous to use such a Cr oxide as the insulating layer by annealing CrO grains at a time and temperature suitable to initiate transformation to the Croxide along the grains' boundaries (which will typically transform before the interior of the grains).
A contemplated explanation for the desirable magnetore sistance is spin-polarized tunneling between grains, with the insulating material enhancing the spin-polarization effect. It was realized that the CrO grains of the magnetoresis tive material tend to be fully spin polarized within each grain, meaning that the electrons of a single grain have the same spin orientation. This polarization results from a ferromagnetic ordering in the CrO2. In materials that exhibit such spin polarization, electrons within individual grains have the same spin orientation, but the spin orientation of electrons in adjacent grains will typically be different. As discussed in Inoue et al., supra, and Miyazaki et al., supra, the extent of intergrain electron transport in a material is highly dependent on the spin orientation of electrons in adjacent grains. It is relatively difficult for an electron of a certain spin orientation to move across the grains of a material when all the successive grains have electrons of different spin orientations. Upon application of a magnetic field to some spin-polarized materials, at least some of the grains will arrange themselves such that their electrons have the same or similar spins. This granular polarization makes electron transport across successive grains easier and thereby causes the resistivity of the material to decrease. This relationship between applied magnetic field and resis tivity is magnetoresistance. However, interactions between electrons located near grain boundaries of adjacent grains often promote electron transport across the boundaries, even in the absence of a magnetic field. These interactions unde sirably reduce the magnetoresistance of a material.
In the article of the invention, the presence of insulating material along at least a portion of the CrO2 grains' bound aries provides magnetic decoupling between adjacent grains and reduces such interactions. The insulating material thus becomes the transport barrier, e.g., a tunneling barrier, for electron transport between grains, and thereby enhances the magnetoresistance of the material. The relatively small thickness of the insulating material is advantageous because it is possible for thicker layers to inhibit intergrain electron transport. The desirable magnetoresistance offered by the modified CrO, grains is reflected in FIG. 1, which shows that the resistivity in the magnetoresistive material of Example 1 decreases with increasing magnetic field. The steepest decrease in resistivity in FIG. 1 occurs at relatively low fields, indicating a high sensitivity at such fields. This low field sensitivity is advantageous in several applications of magnetoresistive materials.
Several methods are available to produce the magnetore sistive material of the article of the invention. It is possible for the magnetoresistive material to be prepared by thermal decomposition of CrO. The CrO powder should be treated at a temperature and pressure suitable to achieve a micro structure of CrO2 grains and then annealed to provide Cr2O3 along at least a portion of the grains' boundaries. The annealing promotes the transformation of CrO2 to Cr2O along the surfaces of the CrO grains. Example 1 reflects such a method. Commercially available chromium dioxide powder has the capability of being similarly treated to achieve this structure. Other methods for obtaining an insu lating material along CrO grain boundaries are also con templated.
When an anneal is used to promote the transformation of CrO to CrO temperatures of about 350° to about 420°C., in air, are useful. Anneals at temperatures above 420° C. appear to result in CrO layers of thicknesses that inhibit intergrain electron tunneling, and therefore reduce the mag netoresistance of the material. This result is shown in the examples below, in which CrO annealed at 420° C. exhib ited a resistivity too high to measure with the equipment used. The time period of the anneal may vary, e.g. from minutes to hours. In addition, it is possible for such anneal ing to take place in a variety of atmospheres, such as air or 5,856,008 5 oxygen. The particular temperature, time, and atmosphere of the anneal will vary depending on the sample itself, e.g., a bulk sample vs. a thin film. Any other methods of prepara tion are suitable, provided that such methods result in the above microstructure. It is expected that further increase in the magnetoresistance ratio will be achieved through improvements in the process of production and annealing of the magnetoresistive material.
As recognized in the art, a stray magnetic field opposite to an applied field is generated by the magnetic moment induced by the applied field. Where a material has a large cross-sectional area perpendicular to the applied field, the effect of the stray magnetic field, i.e., the demagnetization effect, on the material will be large. A large demagnetization effect will undesirably cause the reduction of effective field on each grain, and thereby detrimentally affect the magne toresistive properties. A small cross-sectional area perpen dicular to the applied field, e.g., a film, will reduce the demagnetization effect. Thus, it is advantageous for the magnetoresistive material to be disposed as a thin film, i.e., a film having a thickness of about 1 nm up to about 1 um, or a thick film, i.e., a film having a thickness of about 1 um to about 100 m. Use of such films reduces the demagne tization effect in the magnetoresistive material. It is possible to prepare a film of CrO by methods such as molecular beam epitaxy, sputtering, pulsed laser deposition, or a sol gel method utilizing CrO as the starting material.
The article of the invention utilizes the magnetoresistive material's ability to respond by way of resistive changes to Small changes in applied magnetic field. Examples of articles include sensor devices such as magnetic read heads, magnetic field probes, or voltage or current sensors in electrical devices. Thin films of the material would be particularly useful for memory devices, in particular non volatile DRAMs. Other examples of suitable devices that rely upon a magnetoresistive material are discussed, for example, in co-assigned U.S. Pat. Nos. 5.450.372 and 5.461. 308, referenced above, as well as U.S. Pat. Nos. 5, 422, 571; 5, 565, 695; 5, 541, 868; and 5.432, 373 , the disclosures of which are hereby incorporated by reference.
One contemplated device, utilizing the same characteris tics found in the magnetoresistive material, contains a MR structure that is formed from two layers of chromium dioxide separated by a thin, e.g., 50 nm or less, layer of an insulating material, e.g., CrO. Advantageously, the chro mium dioxide layers are single crystal. The thin layer of insulating material will lie along the boundaries of the CrO.
grains, and will act in the manner discussed above. The conductivity through this three-layer structure depends in part on the orientation of the grains in the two separate chromium dioxide layers, in accordance with the principles discussed in Moodera et al., "Large Magnetoresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junctions." Physical Review Letters, Vol. 74, No. 16, at 3273, the disclosure of which is hereby incorporated by reference. It is possible for this three-layer structure to be present in a variety of devices, including those listed above. Such a three-layer structure is capable of being prepared by forming a layer of chromium dioxide by methods such as molecular beam epitaxy, sputtering, pulsed laser deposition. or a sol-gel method utilizing CrO as the starting material, treating the layer to convert the surface to CrO and forming the second chromium dioxide layer thereon. 2 hours in a piston-cylinder type high pressure furnace. The heat was then turned off and, when the temperature reached room temperature, the pressure was removed. The 20 result ant sample consisted of CrO, with substantially the entire volume having isotropic grains with diameters ranging from about 0.5 pm to about 5 pm, as estimated by optical microscopy. The magnetoresistance of the as-prepared sample at 5K and for applied currents of 1 to 5 mA (the material showed no current dependence in this range) is shown in FIG. 1. The magnetoresistance ratio, ), for this sample at 20 kOe is shown to be about 10%.
In addition, the effect of annealing the CrO sample was investigated. The sample was annealed for 30 minutes in air at a temperature of 380° C. The magnetoresistance of the annealed sample, at 5K and at applied currents of 1 mA and 5 mA, is also shown in FIG. 1 . The 1 mA graph shows improved magnetoresistance over the non-annealed sample. The magnetoresistance ratio at 20 kOe and 1 mA is about 12%. As discussed above, it is believed that this improved magnetoresistance over the non-annealed sample is due to the partial transformation of CrO to CrO along the surfaces of the CrO grains. Because the CrO layer is believed to be on the order of tens of nanometers, it was not, and was not expected to be. visible under the optical microscope. At 20 kOe and 5 mA. the magnetoresistance ratio of the annealed sample was about 6%, this lower ratio due to a detrimental current effect on the material. Asample annealed at 420°C. for 30 minutes in air was too resistive to measure with the set-up used in the above tests.
In these experiments, resistivity was measured using a standard four-probe method. Magnetoresistance up to 5 Tesla was measured using a Quantum Design PPMS.
( Po PH Po EXAMPLE 2 X-ray data was taken on samples made in accordance with the method of Example 1, with varied anneals, in order to examine the formation of CrO. Specifically, as shown in  FIG. 4 , x-ray patterns were run for a non-annealed sample, and for samples annealed at 400° C. (not shown), 405 C. 520°C., and 550°C. The x-ray patterns of the non-annealed sample and the sample annealed at 400° C. did not show characteristic CrO peaks. The peaks characteristic of Cr2O are barely detectable even in the sample annealed at 405° C. The sample annealed at 520° C. showed definite peaks characteristic of CrO and the sample annealed at 550° C. showed strong, sharp peaks characteristic of CrO. This trend, in combination with the results of Example 1. indicated that anneal temperatures of about 360°-405° C.
produced thin layers CrO, but not in amounts large enough to detect with x-ray diffraction.
Other embodiments of the invention will be apparent to those skilled in the art from consideration of the specifica tion and practice of the invention disclosed herein.
